Benincasa Herr K, Stettner GM, Kubin L. Reduced c-Fos expression in medullary catecholaminergic neurons in rats 20 h after exposure to chronic intermittent hypoxia. Am J Physiol Regul Integr Comp Physiol 304: R514 -R522, 2013. First published January 30, 2013 doi:10.1152/ajpregu.00542.2012.-Persons affected by obstructive sleep apnea (OSA) have increased arterial blood pressure and elevated activity in upper airway muscles. Many cardiorespiratory features of OSA have been reproduced in rodents subjected to chronic-intermittent hypoxia (CIH). We previously reported that, following exposure to CIH, rats have increased noradrenergic terminal density in brain stem sensory and motor nuclei and upregulated expression of the excitatory ␣1-adrenergic receptors in the hypoglossal motor nucleus. This suggested that CIH may enhance central catecholaminergic transmission. We now quantified c-Fos expression in different groups of pontomedullary catecholaminergic neurons as an indirect way of assessing their baseline activity in rats subjected to CIH or sham treatment (7 AM-5 PM daily for 35 days). One day after the last CIH exposure, the rats were gently kept awake for 2.5 h and then were anesthetized and perfused, and their pontomedullary brain sections were subjected to dopamine ␤-hydroxylase (DBH) and c-Fos immunohistochemistry. DBH-positive cells were counted in the A1/C1, A2/C2, A5, subcoeruleus (sub-C) and A7 groups of catecholaminergic neurons, and the percentages of those expressing c-Fos were determined. We found that fewer DBH cells expressed c-Fos in CIH-than in sham-treated rats in the medulla (significant in the A1 group). In the pons (rostral A5, sub-C, and A7), c-Fos expression did not differ between the CIH-and sham-treated animals. We suggest that, when measured 20 h after the last CIH exposure, catecholaminergic transmission is enhanced through terminal sprouting and receptor upregulation rather than through increased baseline activity in pontomedullary catecholaminergic neurons. hypertension; locus coeruleus; obstructive sleep apnea; ventrolateral medulla; upper airway ABOUT FIVE PERCENT OF ADULTS are affected by the obstructive sleep apnea syndrome (OSA), a disorder caused by a combination of altered upper airway anatomy and insufficient activation of upper airway muscles during sleep (8, 50, 62) . These patients experience recurring episodes of hypopnea or complete blockage of the upper airway that often require awakening to resolve and result in repeated periods of systemic hypoxia. Clinical studies show a causal relationship between the severity of OSA and a host of cardiovascular and metabolic derangements, such as arterial hypertension, increased vascular reactivity, and glucose intolerance (34, 35, 51, 61) . Studies with rats and mice chronically exposed to episodic hypoxia also often reveal elevated arterial blood pressure, increased sympathetic activity, elevated levels of circulating catecholamines and fatty acids, and impaired ability to maintain proper blood sugar levels (e.g., 4, 12-14, 25, 49), thus generally support the clinical findings.
echolamines and fatty acids, and impaired ability to maintain proper blood sugar levels (e.g., 4, 12-14, 25, 49) , thus generally support the clinical findings.
OSA patients also exhibit elevated levels of activity in upper airway muscles, which is a positive adaptation to the disorder that allows them to maintain an open airway during wakefulness and parts of sleep (27, 43, 59) . We previously reported that, following exposure to chronic-intermittent hypoxia (CIH), rats have increased noradrenergic terminal density and upregulated expression of the excitatory ␣ 1 -adrenergic receptors in the hypoglossal (XII) motor nucleus (46) . We also determined that XII nerve activity was more strongly reduced by microinjections of an ␣ 1 -adrenergic receptor antagonist into the XII nucleus in anesthetized rats previously subjected to CIH than in sham-treated animals (57) . Collectively, these data suggested that endogenous noradrenergic excitatory drive to XII motoneurons is enhanced in CIH rats when tested 1 day after the last exposure to CIH, and that central catecholaminergic cell hyperactivity could contribute to a strengthening of the efferent pathways from catecholaminergic neurons. In OSA patients, the motor output from XII motoneurons to the genioglossus and other upper airway muscles would benefit from such an elevated excitatory drive. Indeed, this effect of CIH could offer a mechanistic explanation for the elevated activity during wakefulness in upper airway muscles in OSA patients who experience chronic recurrent nocturnal hypoxia (27, 43, 59) .
Although noradrenergic terminal sprouting combined with increased expression of ␣ 1 -adrenergic receptors could be sufficient to explain the enhancement of central noradrenergic drive, it is also possible that the activity of central noradrenergic neurons is elevated for a prolonged period following exposure to CIH. Investigating this was the goal of our present study. To assess the baseline activity levels in pontomedullary catecholaminergic neurons, we quantified c-Fos expression in neurons of different catecholaminergic groups 1 day after the last exposure to CIH or sham treatment in rats, thus at a time when all acute effects of the last exposure to CIH would have dissipated. Based on prior studies demonstrating that c-Fos expression in noradrenergic, serotonergic, orexinergic, and many other cell groups varies with the level of their spontaneous activity across the sleep-wake states in the absence of any overt stimulation (6, 10, 32, 36, 52) , we expected that the baseline c-Fos expression would be increased in brain stem catecholaminergic neurons following exposure to CIH in awake rats. This would be consistent with an elevation of activity in these cells lasting beyond the period of acute effects of the last CIH exposure. Contrary to our expectation, we found that, in the medulla, lower percentages of catecholaminergic neurons expressed c-Fos in rats subjected to CIH than to sham treatment, and there was no difference between the two treatment groups in the pons. A preliminary report has been published (30) .
MATERIALS AND METHODS

Animals and administration of CIH.
Twelve adult male SpragueDawley rats (305 Ϯ 2 g (SE); range 290 -314 g at the beginning of the experiment) were obtained from Charles River Laboratories (Wilmington, MA). All animal procedures followed the American Physiological Society's Guiding Principles in the Care and Use of Vertebrate Animals in Research and Training and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Two or three rats were housed together in standard rat cages that were placed inside 28.5 ϫ 30.0 ϫ 51.5 cm chambers under a 12:12 h light/dark cycle. A standard chow diet (5001/AIN76, Nestle Purina, St. Louis, MO) and water were provided ad libitum. Six rats were subjected to CIH, with O 2 levels oscillating between 21% and 10% for 10 h/day (7 AM-5 PM) with 180 s period produced by alternating flows of N2 and O2 (Oxycycler, Biospherix, Redfield, NY), as described and illustrated previously (46) . An additional six rats were exposed in adjacent chambers to room air exchanges identically timed to those in the CIH chambers (sham treatment). The exposures lasted 33-38 days (mean: 34.6 Ϯ 0.4 days). The animals were weighed before the first exposure to CIH and then every other day throughout the exposure period. CIH animals did not gain weight during the first 2-3 days of exposure and then gained weight at a slightly slower pace than the sham-treated group (Fig. 1) . The rate of body weight gain determined by linear regression between days 3 and 33 of exposure, i.e., between the first day after which both groups steadily gained weight and the last day for which body weight information was available for all animals, was 5.2 Ϯ 0.22 g/day for the sham-treated rats and 4.3 Ϯ 0.17 g/day for CIH rats (P Ͻ 0.02, unpaired t-test), similar to our previous studies (12, 46) .
Immunohistochemical procedures. One day postexposure, two rats, one CIH-and one sham-exposed, were placed in a clean cage and brought to the lab at 1 PM. To ensure that varying amounts of sleep before perfusion would not confound the results by superimposing a variability of c-Fos expression in catecholaminergic neurons related to the amounts of prior sleep (32, 40, 47) onto that related to CIH/sham treatments, the animals were gently kept awake for 2.5 h. The animals were continuously observed and, when the novel environment alone was not sufficient to keep them awake and they started to assume a presleep quiet posture, their awake status was maintained by adding a new object to the cage (e.g., a paper towel) or by repositioning the cage. After 2.5 h of wakefulness, the animals were deeply anesthetized with pentobarbital (100 mg/kg ip; Euthasol, Virbac Att, Fort Worth, TX) and transcardially perfused with cold phosphate-buffered saline followed by 4% phosphate-buffered paraformaldehyde (pH 7.4). Brain stems were postfixed in the same fixative, cryoprotected in 30% sucrose, and cut into 35-m transverse sections, and the sections were collected into six series. During each perfusion session, one pair of rats was processed, with the order of perfusions between the CIH and sham animal varied from one session to another. To minimize any confounding effects of varying efficiency of reagents from one immunostaining procedure to another, series of sections collected from both rats of each pair were combined and together subjected to all subsequent immunohistochemical procedures.
Free-floating sections were subjected to double-labeling for c-Fos and then dopamine-␤-hydroxylase (DBH), as described previously for a combination of tyrosine hydroxylase (TH) and c-Fos immunohistochemistry (11, 47) . In brief, c-Fos (1:250 or 1:350; Santa Cruz Biotechnology, Santa Cruz, CA; catalog symbol: sc-52) and DBH (1:500, Millipore, Billerica, MA; catalog symbol: MAB308) antibodies were used, and their binding was visualized using biotinylated secondary antibodies tagged with horseradish peroxidase (HRP) (Vectastatin Elite ABC Reagent; Vector, Burlingame, CA). HRP was reacted with 3,3=-diaminobenzidine tetrahydrochloride, with c-Fos stained black by addition of nickel ammonium sulfate to the reaction, and DBH was stained brown due to the omission of the heavy metal salt. Sections from each pair of rats were matched for anteroposterior (A-P) levels, mounted side-by side on glass slides, dehydrated, defatted, coverslipped, and given code names that did not contain information about the treatment.
Cell counting. Cell counting was conducted using an upright microscope (Leica DML; Wetzlar, Germany) at ϫ400 magnification. DBH-positive cells were counted bilaterally in the A1/C1, A2/C2, A5, subcoeruleus (sub-C), and A7 cell groups when the labeled cell profile included the cell body with at least one proximal dendrite and when the section contained at least three cells belonging to any of the catecholaminergic groups of interest. Locus coeruleus cells were not counted because their very high density and dark-brown staining precluded accurate counting and reliable recognition of the presence of black-stained neuronal nuclei (c-Fos). Cells within each group were initially counted separately on each side, and the totals per neuronal group were compared between the two sides within each rat and among all rats as a part of a general quality control. Since the counts did not differ between the two sides, bilateral cell counts representing distinct groups were calculated for each rat, and the percentage of those expressing c-Fos was determined. DBH cells were regarded c-Fos positive when they had a clear round or oval aggregation of fully black or distinctly gray nuclear staining within the brown-stained cell body. To ensure that a personal preference did not affect the final results, cells in about one-quarter of the entire material were counted by at least two investigators. The recounts done by two investigators consistently yielded the same sign of the difference in the percentage of DBH cells expressing c-Fos within the compared pairs of rats. Ultimately, the counting of cells within the entire data set done by one person (KBH) was included in this report.
Assignment of DBH-positive cells to different catecholaminergic groups. The A1/C1 group was divided into its caudal part (mainly noradrenergic A1 neurons) and rostral part (mainly adrenergic C1 neurons) based on previously established landmarks (45) . Specifically, DBH cells were regarded as representing mainly the A1 group when they were located caudal to the rostral margin of the lateral reticular nucleus (LRt). As representative of the C1 group, we counted all DBH-positive cells located between the rostral margin of the LRt and the caudal margin of the facial nucleus. A2/C2 group was not divided further because suitable anatomical boundaries for the adren- Fig. 1 . Time course of body weight changes during the exposure to chronic intermittent hypoxia (CIH) and sham treatments. CIH rats had a transient arrest of body weight gain on the first 2-3 days of exposure, after which they gained weight at a slower rate than the sham-treated group (4.3 vs. 5.2 g/day; see text for details). As a result, the mean body weight of the CIH group was significantly lower than for the sham-treated group throughout the exposure period (P ϭ 0.007-0.05, unpaired t-tests).
ergic and noradrenergic subgroups have not been established. Within the A5 group, we distinguished between its caudal and rostral parts based on data indicating that the two differently express combinations of enzymes characteristic of catecholaminergic neurons (17) . Specifically, A5 neurons identified by DBH immunohistochemistry and located caudal to the level where the facial nerve exits the brain stem show lower levels of TH than those located more rostrally. Accordingly, the A-P level of Ϫ9.84 mm from bregma in a rat brain atlas (44) , which corresponds to the border between the medulla and the pons, was defined as the borderline between the caudal and rostral parts of the A5 group (A5-c and A5-r, respectively). Two sections closest to this level were excluded from the analysis to enhance any potential contrast between the A5-c and A5-r subgroups. No subgroups were distinguished within the A7 (A-P levels from Ϫ9.00 to Ϫ8.28 mm from bregma) or sub-C (Ϫ9.96 to Ϫ8.88 mm from bregma) groups in the pons.
Statistical analysis. Normality and equal variance of the distributions were verified before application of any subsequent tests (Shapiro-Wilk test and F-test/Homogeneity of variance-test, respectively) (SigmaPlot v. 12; San Jose, CA). Two-way ANOVA with HolmSidak correction for multiple comparisons was used to test for the effects of the treatment and cell group (factors), with the data from the two rats whose sections were processed together paired. To uncover common traits among different groups of catecholaminergic neurons, the analysis was applied to various combinations of medullary and pontine cell groups, as defined in the preceding section. A paired Student's t-test of the effect of the treatment was then applied to distinct groups. Variability of the means is characterized by the SE. An initial assessment of the percentages of c-Fos-expressing DBH cells across the major cell groups (A1/C1, A2/C2, A5, sub-C, and A7) suggested that c-Fos expression was reduced in CIH rats in some medullary groups but not in the pons. In particular, in each of the six rat pairs, the percentage of cells expressing c-Fos in the combined A1/C1 group was lower in the CIH-than sham-treated rat, with the differences varying from 4.3% to 7.6% in favor of the latter. On the average, 49.9 Ϯ 2.9% of cells in the A1/C1 group were c-Fos positive in CIH rats versus 56.3 Ϯ 2.5% for the sham-treated group (P Ͻ 0.001; paired t-test, n ϭ 6 pairs). Trends in the same direction also were present for the A2/C2 group and the entire A5 group, whereas for the sub-C and A7 groups the differences were less than 1.5%.
RESULTS
Figure
To explore these differences in more detail relative to the known subdivisions of pontomedullary catecholaminergic neurons, the A1/C1 group was further divided into its predominantly noradrenergic (A1) and adrenergic (C1) subgroups and the A5 group into its caudal (A5-c) and rostral (A5-r) parts (see METHODS) . A two-way ANOVA applied to this data set revealed a significant effect of the treatment (CIH vs. sham) for the medullary groups (A1, C1, A2/C2, and A5-c; F 5,3,1 ϭ8.97, P ϭ 0.03).
Within the medullary subgroups, post hoc comparisons revealed a significantly lower percentage of DBH cells with c-Fos in the CIH than sham rats in the A1 group (51.2 Ϯ 2.3% vs. 57.4 Ϯ 2.6%, P Ͻ 0.04) and a nearly significant difference in the same direction in the A5-c group (51.6 Ϯ 4.6% vs. 57.7% Ϯ 5.2%, P Ͻ 0.07). Weak trends toward a lower percentage of c-Fos-positive cells in the CIH than sham rats also were present in the C1 and A2/C2 groups, but the differences were not statistically significant. These percentages are listed in Table 1 together with the average total numbers of DBH-positive cells counted per rat within each of the analyzed subgroups and the average numbers of brain sections per rat in which cells belonging to each of the subgroups were counted. Consistent with the different sizes and rostro-caudal spans of the different catecholaminergic cell groups, the numbers of cells and sections analyzed differed among the groups, but there was no statistical difference in the average cell or section numbers within any of the groups in relation to the treatment.
For the A1 group, for which the effect of CIH was most prominent, we examined whether c-Fos-positive and c-Fosnegative DBH cells aggregated within certain mediolateral or dorsoventral locations, and whether the reduced c-Fos expression in CIH rats preferentially occurred in a distinct subregion. To address this, two A-P levels where we typically found the highest numbers of DBH cells per section were selected (Ϫ14.28 and Ϫ14.04 mm from bregma according to 44) , and the positions of all DBH cells found at these two levels in all six CIH and all six sham rats were replotted onto the two corresponding standard brain sections relative to the location of two major local landmarks, the nucleus ambiguus (Amb) and LRt (Fig. 3) . At each of these two levels, the proportion of DBH cells that were c-Fos positive was similar to the average for the entire A1 group. However, we found no distinct aggregation of c-Fos-positive or c-Fos-negative cells in any particular subregion of the A1 group in relation to the treatment.
For the pontine groups (A5-r, sub-C, and A7), no differences in c-Fos expression in relation to the treatment were revealed by either ANOVA or post hoc comparisons. In the rostral A5 group, the percentage of c-Fos-positive cells tended to be higher in the CIH rats (not significant), whereas in the sub-C and A7, the percentages of c-Fos-expressing cells were nearly identical in the two treatment groups (Table 1) .
Thus the picture that emerged from our study is that CIH rats had a lower percentage of c-Fos-positive cells than sham rats in the A1 group, and similar trends were present in the remaining medullary groups (C1, A2/C2, and A5-c), whereas in the pons there were no statistical differences between the CIH and sham rats, indicating that CIH had no consistent effect on c-Fos expression in DBH cells in the pons. This is graphically illustrated in Fig. 4 .
DISCUSSION
Our main finding is that the baseline levels of c-Fos expression in some of the medullary noradrenergic cells are altered in rats exposed to CIH for 35 days when tested 20 h after cessation of exposures, whereas the baseline c-Fos expression in pontine DBH-expressing cells is not affected. However, contrary to our expectation, we found that c-Fos expression was either significantly reduced or exhibited a downward trend, rather than being increased, in the medullary DBH cells of CIH-exposed rats compared with sham-treated animals. This result may reflect complex changes in transcriptional activity and metabolism in medullary DBH cells that develop during Values are means Ϯ SE. Data are from 6 rats exposed to chronic-intermittent hypoxia (CIH) and 6 rats subjected to sham treatment.The percentage of dopamine ␤-hydroxylase (DBH) cells expressing c-Fos was consistently lower in CIH rats for the medullary cell groups, with the difference being statistically significant for the A1 group and nearly significant for the caudal A5 group. There was no consistent effect of CIH on the pontine cell groups. Neither the raw cell counts nor the numbers of brain sections differed between the treatment groups. P values show significance levels based on post hoc paired comparisons within each cell group. the period of exposure to CIH, but the most direct interpretation of our data would be that medullary catecholaminergic cells have somewhat reduced activity when tested under standardized awake conditions 1 day post-CIH exposure. As such, our data suggest that baseline activity of these cells is not elevated when assessed ϳ20 h after an extended period of daily exposures to CIH.
Technical considerations. Before we discuss our findings and their interpretation, we need to note three important technical issues. First, our rats were all perfused at the same time of the day and only after they were kept awake for 2.5 h. This stabilized the conditions under which both the CIH-and sham-treated rats were compared by eliminating any effects of variable amounts of sleep before perfusion and those related to variability of catecholaminergic cell activity with circadian time. In particular, the amount of sleep before perfusion has a well-established impact on c-Fos expression in catecholaminergic neurons. Unhandled rats perfused during the day have extremely low levels of c-Fos expression in catecholaminergic neurons because, during the lights-on period, they spend most of the time asleep and noradrenergic neurons are silent or nearly silent (32, 40, 41) . In contrast, in rats gently kept awake, noradrenergic and other wake-related neurons maintain steady levels of activity and have proportionally elevated c-Fos levels. Indeed, c-Fos levels measured in noradrenergic and other wake-related neurons change in proportion to the levels of activity in these cells under otherwise unstimulated conditions (6, 10, 32, 36, 47) . Similarly, in sleep-active neurons, c-Fos levels are proportional to both the amount of prior sleep and the magnitude of accumulated sleep drive even when the rats are kept awake (22, 52) . Thus, in many, although not all, types of neurons, c-Fos provides a well-validated surrogate measure of spontaneous levels of their activity. It is also of note that the amount of prior sleep and the related motor activity are not always given the due attention in c-Fos studies. Nevertheless, Fig. 3 . Distribution of c-Fos-positive (c-Fos ϩ ) and c-Fos-negative (c-Fos Ϫ ) DBH cells at two anteroposterior (A-P) levels corresponding to the medullary noradrenergic A1 group. Locations of all DBH cells found on one side at these two levels in all 6 sham-treated and 6 CIHexposed rats were redrawn onto the corresponding standard cross-sections from a rat brain atlas (44) . At both levels, the percentage of DBH cells that were c-Fos ϩ (filled circles) was higher in sham-treated than in CIH-exposed rats, with values similar to the average data for the entire A1 group (58.5% sham vs. 51.9% CIH at A-P Ϫ14.04 mm from bregma, and 59.4% sham vs. 55.2% CIH at A-P Ϫ14.28 mm from bregma; see Table 1 for the corresponding data for the entire A1 group). There was no obvious aggregation of c-Fos ϩ or c-Fos Ϫ (open circles) DBH cells within the A1 region either within or between the treatment groups. Amb, nucleus ambiguus; IO, inferior olive; LRt, lateral reticular nucleus; py, pyramidal tract; rs, rubrospinal tract; Sp5C, spinal trigeminal sensory nucleus, caudal division; Sp5I, spinal trigeminal sensory nucleus, interpolar division. these effects can be noted in some studies focused on cardiovascular functions of brain stem catecholaminergic neurons. For example, in the study of McCulloch and Panneton (41) , the percentage of DBH-positive medullary cells expressing c-Fos was in the 1-8% range in unhandled rats but in 14 -40% range in rats that had to swim for 17 s every 5 min during the 2 h before perfusion (the effects of stress were excluded because the animals were well habituated to the experimental procedure). In our study, we kept the animals awake for 2.5 h by placing them in a novel environment and, if necessary, engaging them behaviorally. This ensured that the baseline levels of c-Fos expression in pontomedullary DBH neurons were elevated in both CIH and sham rats to those characteristic of wakefulness.
Second, the amount of c-Fos detected in neurons depends not only on the amount of prior activity (and other metabolic factors) but also on the sensitivity of the assay and the definition as to when a cell is regarded as c-Fos-positive. To ensure that we do not underestimate the baseline c-Fos levels, we used a relatively high concentration of c-Fos antibodies and regarded as c-Fos-positive both those nuclei that were stained to the point of no transparency and those that had semitransparent nuclei but exhibited a well-defined nuclear accumulation of c-Fos staining. As a result, we estimate that our average percentage levels of c-Fos-expressing DBH neurons were elevated by 10 -15% compared with counting of only fully blackened nuclei. For example, in one study (32), 37.9% of A5 neurons (recognized using TH immunohistochemistry) were c-Fos positive in awake rats versus 46.3% of rostral A5 neurons labeled for DBH in our sham rats. Collectively, our experimental design was aimed at creating favorable conditions under which to estimate baseline c-Fos expression in awake rats and detect its changes (increases or decreases) in relation to the history of exposure to CIH or sham treatment.
Finally, it needs to be emphasized that acute stimulation of peripheral chemoreceptors is well known to activate pontomedullary catecholaminergic neurons (2, 7, 9, 24) , and that activation of these cells contributes to systemic cardiorespiratory activation (1, 39, 58) . When such stimulation is applied repeatedly, as in our CIH protocol, it is likely to have longlasting, or permanent, effects on various aspects of catecholaminergic cell metabolism and physiological processes in which these cells participate. The goal of our study was to assess one aspect of such a long-term change. Specifically, we wanted to assess the level of baseline DBH cell activity, as measured by c-Fos expression, at ϳ20 h after the end of last exposure to CIH, thus at a time when most acute effects of CIH would be expected to have dissipated. This experimental design allowed us to obtain new insight into the changes in catecholaminergic cell activity that persist at least for many hours after the last exposure to CIH. It is also of note that a study conducted 35 days after 35 days of CIH exposures yielded no differences between the CIH and sham rats for a number of cardiorespiratory and metabolic parameters (12) . This shows that many of the changes elicited by CIH in rodents are likely to gradually normalize during the postexposure period. Thus studying the effects of CIH that persist 1 day after cessation of exposure should help design studies at other, longer and shorter, periods after cessation of CIH exposures.
Effects of CIH on pontomedullary catecholaminergic neurons. C-Fos expression has been extensively used to assess changes in activity in pontomedullary catecholaminergic neurons in relation to various forms of cardiovascular stress and acute respiratory stimuli (reviewed in Ref. 7) . Relatively fewer studies have reported on the effects of CIH on c-Fos expression. In most such studies, c-Fos-positive nuclei were counted in anatomically distinct regions, including the rostral ventrolateral medulla (RVLM) and the nucleus of the solitary tract (NTS), but without a second labeling that would identify the neurochemical phenotype of the studied cells (20, 28, 54) . In some of these studies, CIH was found to have a stimulatory effect (20, 54) , but in the study of Knight et al. (28) no changes could be detected 1 day post a 7-day exposure to CIH due to the extremely low baseline c-Fos expression (see discussion in the previous section). On the other hand, in the latter study, FosB/⌬FosB was increased in neurochemically unidentified cells located in the RVLM and the NTS and also in DBHpositive cells of the A5 region (28) . A similar finding with FosB was reported for neurochemically unidentified cells of the RVLM (31) . However, as discussed previously (28), FosB/ ⌬FosB protein levels decline with a much slower time constant than c-Fos. Consequently, it is possible that the increased FosB/⌬FosB expression found 1 day after termination of exposure to CIH was still the result of a direct stimulatory effect of CIH to which the animals were subjected on the previous day. It is also of note that c-Fos expression in the RVLM, albeit very low, suggested a reduced expression in CIH animals, which would be consistent with our study (cf. Fig. 5 in 28) . Thus ours appears to be the first systematic study of c-Fos expression in neurochemically identified pontomedullary catecholaminergic neurons following CIH.
We analyzed all major groups of noradrenergic and adrenergic neurons in the medulla and pons (except the locus coeruleus; see METHODS) and found significantly reduced c-Fos expression or at least a trend in this direction in relation to CIH exposure in the medullary, but not the pontine, DBH-positive neurons. The reduced c-Fos expression in medullary neurons may be indicative of complex metabolic, transcriptional, and translational changes, but the simplest interpretation would be that the baseline activity of the cells was reduced as a result of many days of exposure to CIH. This may appear to be a counterintuitive result in the face of data pointing to increased arterial blood pressure, heart rate, sympathetic activity, and noradrenergic drive to upper airway motoneurons in rodents exposed to CIH (14, 23, 26, 53, 57) and in the face of the evidence that medullary C1 neurons provide a portion of the endogenous drive to the sympathetic output (1, 38, 39; reviewed in 7, 21) . However, as we discussed elsewhere (12) , cardiovascular outcomes from studies in which CIH exposures lasted about 30 days appear to depend of the severity of CIH. O 2 nadirs lower than 5% often lead to changes typical of the exposure to steady hypoxia, such as pulmonary and systemic hypertension, right ventricular hypertrophy, increased hematocrit (15, 25, 28, 33, 42, 56, 64, 65) , and cause an irreversible damage of noradrenergic cells of the locus coeruleus (59) . By comparison, erythropoietin levels are only transiently increased in OSA patients, and hematocrit increases are mild and associated with polycythemia only in the most severe OSA (5, 63) . This indicates that changes typical of exposure to continuous hypoxia are not a consistent component of OSA pathophysiology. In healthy humans exposed to mild CIH for 14 -28 days, arterial blood pressure measured after the exposure was increased by Ͻ5 mmHg (16, 60) , and a recent longitudinal study found no correlation between OSA and arterial hypertension after correction for age and body mass (3). There are also numerous studies in rodents that report minimal or no changes in baseline cardiovascular parameters after various periods of CIH exposure when measured as early as 1 or 2 days after termination of exposure (19, 23, 29) . Within the spectrum of varying severities of OSA and CIH exposures, our protocol produces a moderate level of CIH because our rats do not have significantly increased hematocrit levels or cardiac hypertrophy. On the other hand, they present with trends toward an increased heart rate and/or arterial blood pressure and have significantly suppressed glucose-stimulated insulin release (12) . Furthermore, a comparison of the effects of a chronic steady hypoxia and CIH applied for 7 days on TH expression and activity revealed that TH activity was decreased by steady hypoxia and even more so by CIH in medullary tissue, whereas an increase was observed in the cortex (significant only for steady hypoxia) (18) . These results are compatible with our findings suggesting a reduced baseline activity in ventrolateral medullary noradrenergic neurons. The differential effect of CIH on medullary and pontine DBH neurons suggested by our study may be related to their different efferent projection patterns (see Ref. 48 for discussion) and correlates with the report that the medullary DBH-positive neurons express the Phox2b protein that is associated with central and peripheral chemoreception, whereas the more rostral A5, A6 (locus coeruleus), and A7 neurons do not (58) . The noradrenergic A1 neurons in which we found a statistically significant decline of c-Fos levels in CIH rats have major axonal projections to the NTS, pons, and hypothalamus, are acutely activated by hypotension and hypoxia, and their activation stimulates vasopressin release (see 7, 41, 48 for earlier studies). If they are less active in rats exposed to CIH, they may be in a setpoint that favors their stronger activation in response to their natural excitatory inputs.
Application to cardiorespiratory control in OSA. The picture that emerges from this and our two earlier studies (46, 57) is that CIH results in significant sprouting of catecholaminergic axon terminals and upregulation of the excitatory ␣ 1 -adrenergic receptors at least in some regions of the medulla and pons, whereas the baseline levels of activity during wakefulness tend to be reduced, rather than increased, in medullary noradrenergic and adrenergic neurons (significant for the noradrenergic A1 group). This picture may be specific to our level and pattern of CIH administration that, as discussed in the preceding section, does not produce overt signs of concomitant steady hypoxia or lasting hypertension but exerts a significant effect on other metabolic outcomes (reduced body weight gain and suppression of glucose-stimulated insulin release; see Ref. 12 and Fig. 1 ). Accordingly, in the rats exposed to our CIH protocol, the indices that point to an increased effectiveness of the output from catecholaminergic neurons (terminal sprouting and receptor upregulation) appear to be at least partially counterbalanced by reduced levels of catecholaminergic cell activity. Such a combination may result in minimal net changes in the endogenous contribution of central catecholaminergic neurons to the baseline sympathetic tone or respiratory output at rest following exposure to CIH. However, the same situation may also favor enhanced surges of sympathetic and ventilatory activity at times when central catecholaminergic neurons are stimulated by certain peripheral sensory inputs or emotions. Consistent with this suggestion, a hyperreactivity to immobilization stress has been reported in rats subjected to CIH for 7 days, and it was associated with acutely increased c-Fos expression in locus coeruleus neurons (37) . Reflex sympathetic activation is also enhanced following CIH exposure (19, 55) . Furthermore, our data showing no changes in c-Fos expression following CIH in pontine DBH-positive cells, combined with the evidence for noradrenergic axon terminal sprouting and ␣ 1 -adrenergic receptor upregulation in the XII nucleus (46) , suggest that CIH exposed rats would be expected to have tonically increased endogenous noradrenergic drive to brain stem motoneurons that innervate upper airway muscles. This is because, among the cell groups that we studied, the pontine A7 group is a major source of noradrenergic excitatory drive to XII motoneurons (11, 48) . In support of this, antagonism of ␣ 1 -adrenergic receptors in the XII nucleus caused larger declines of spontaneous activity of XII motoneurons in rats previously exposed to CIH than in sham-treated rats (57) . While c-Fos expression remained unchanged following CIH in A7 neurons, suggesting that prior exposure to CIH did not change their baseline activity during wakefulness, increased ␣ 1 -adrenergic receptor levels and sprouting of noradrenergic terminals in the XII nucleus would be sufficient to enhance endogenous noradrenergic drive to XII motoneurons.
When the findings in rodents subjected to CIH are applied to cardiorespiratory conditions in OSA patients, it is apparent that CIH may be an important factor responsible for the large surges of sympathetic and respiratory activity that occur in OSA patients during apneic episodes, especially at a time when obstructive episodes are terminated and airway patency is restored. Recurrent hypoxic episodes may also contribute to the tonic hyperactivity of upper airway muscles present in OSA patients during quiet wakefulness (27, 43, 59) . Thus the sensitization of the catecholaminergic output by CIH in rodents and the recurrent nocturnal hypoxia in OSA patients may play a positive role as an adaptive mechanism that helps maintain breathing despite the anatomical vulnerability of the upper airway to collapse. However, the same hyperactivity may also have detrimental effects on the cardiovascular system and metabolism by enhancing the vascular system's reactivity and, consequently, contributing to the hypertension, stroke, and diabetes that commonly occur in OSA patients.
Perspectives and Significance
When tested 20 h after 35 days of exposure to CIH, medullary catecholaminergic neurons tend to have reduced c-Fos expression during wakefulness, suggestive of CIH resulting in their reduced baseline activity, especially in the case of noradrenergic A1 and caudal A5 neurons. In contrast, the baseline c-Fos expression is unchanged following CIH in pontine noradrenergic neurons (rostral A5, A7, and sub-C). This suggests heterogeneity in the effects of CIH on anatomically and functionally distinct groups of pontomedullary catecholaminergic neurons, a heterogeneity that may be related to their different efferent projections, cellular biochemistry, and proximity to peripheral input from arterial chemoreceptors. In combination with evidence for catecholaminergic axon terminal sprouting in the brain stem and upregulation of the excitatory ␣ 1 -adrenergic receptors in rats exposed to CIH, our data suggest that CIH may cause a tonic enhancement of central catecholaminergic transmission at baseline and enhanced responsiveness to external and internal stimuli.
